The K-region epoxides and cis-dihydrodiols derived from benz(a)anthracene and from dibenz(a,h)-anthracene have been found to be more active in the production of malignant transformation in hamster embryo cells than the hydrocarbons or the corresponding K-region phenols. The K-region epoxides derived from benz(a)-anthracene and from 3-methylcholanthrene were also active in transforming a clone of ventral prostate cells from the C3H mouse that was not readily transformed by the parent hydrocarbons. The phenols were the most toxic compounds tested but did not transform cells; this confirms that toxicity and transformation are not directly related events. The results obtained support the view that metabolism of polycyclic hydrocarbons precedes toxicity and transformation in rodent cells in culture.
Two cell culture systems have recently been developed that make possible the study of chemical carcinogenesis in vitro. One system utilizes primary or secondary hamster embryo cells (1) (2) (3) (4) (5) (6) (7) , while the other uses a line of mouse ventral prostate cells (8) (9) (10) (11) (12) . Carcinogenic polycyclic hydrocarbons have been shown to be active in producing morphological transformants of both cell types (2, 10) that have proved to be malignant when injected into animals (2, 5, 10) . In addition, these compounds have been used to obtain quantitative data on the characteristics of malignant transformation in such cells (2, 3, 10) , and a good correlation has been found between carcinogenic potency in vivo and transforming activity in cells in culture (2, 10) .
Many chemical carcinogens are known to be converted by metabolism into derivatives that yield reactive electrophiles (13) . In a similar way, metabolic activation of polycyclic hydrocarbons is thought to precede the covalent binding to tissue constituents that occurs in experimental animals (14) (15) (16) and in cells in culture (17) , and studies with microsomal enzyme systems support this view (18, 19) . The aromatic double bonds of hydrocarbons are metabolized mainly to hydroxylated products. The results of recent investigations with benzene and naphthalene (20, 21) and with phenanthrene and dibenz(a,h)anthracene (DBA) (22) (23) . Although epoxide formation is probably the initial step in the microsomal oxidation of all aromatic double bonds, the Abbreviations: BA, benz(a)anthracene; DBA, dibenz(a,h)anthracene; MCA, 3-methylcholanthrene. * American Cancer Society Professor of Oncology, to whom requests for reprints should be sent.
only polycyclic hydrocarbon epoxides that have so far been successfully synthesized (24) are K-region derivatives (25) . The K-region epoxides derived from phenanthrene and DBA were found to be active alkylating agents that reacted chemically with nucleic acids and histones (26) . They also bound more extensively to the DNA, RNA, and proteins of baby hamster kidney (BHK)-21 and polyoma-transformed BHIK-21 cells in culture than did the parent hydrocarbons (27) . Consequently, although the K-region epoxides that have been tested were less potent carcinogens in experimental animals than the corresponding hydrocarbons (28) (29) (30) , it was thought worthwhile to examine the ability of such epoxides to produce malignant transformation of cells in culture. In the experiments reported here, we have compared the K-region epoxides of benz(a)anthracene (BA), DBA, and 3-methylcholanthrene (MCA), the parent hydrocarbons, and the corresponding K-region dihydrodiols and phenols, into which such epoxides are converted by metabolism (31, 32) , in both the hamster embryo and the mouse prostate cell systems. A preliminary report of some of these results was made (33) .
MATERIALS AND METHODS Chemicals
N-methyl-N'-nitro-N-nitrosoguanidine (nitrosoguidine) and dimethyl sulfoxide (Me2SO) were purchased from Aldrich Chemical Co. Inc., Milwaukee, Wis., and acetone (reagent grade) from Merck and Co., Rahway, N.J. BA, DBA, and MCA were obtained from Fluka, A. G., Buchs, Switzerland, and the K-region cis-dihydrodiols [cis-5,6-dihydro-5,6-dihydroxybenz(a)anthracene, cis-5,6-dihydro-5,6-dihydroxydibenz (a,h)anthracene, and cis-l1,12-dihydro-11,12-dihydroxy-3-methyl-cholanthrene ] were prepared from these hydrocarbons by oxidation with osmium tetroxide (34) . The corresponding epoxides [benz(a)anthracene-5,6-oxide, dibenz(a,h)anthracene-5,6-oxide, and 3-methylcholanthrene-11,12-oxide] and phenols [5-hydroxybenz(a) anthracene, 5-hydroxydibenz-(a,h)anthracene, and 11-hydroxy-3-methylcholanthrene], which were freshly prepared when required, were obtained from the dihydrodiols by the methods described (31, 32) . The purity of the compounds was checked by thin-layer chromatography.
Animals
Pregnant Syrian hamsters were purchased from Con Olson Co., Madison, Wis., and C3H mice from Charles River Laboratories, Boston, Mass. 
Culture media
Eagle's BME and Dulbecco's medium (without phenol red) were obtained from the Grand Island Biological Laboratories (Grand Island, N.Y.).
Cell cultures
Hamster Embryo Cells. Primary and secondary hamster embryo cell cultures were prepared (3) and grown in Dulbecco's medium that contained 5-10% fetal calf serum.
C3H Mouse Ventral Prostate Cells. 55 clones were ring isolated (35) from the B1 line of prostate cells (8) at the 17th passage and, of the 29 clones that grew, one, designated G23, was used in the following experiments. The first isolation of the G23 clone was regarded as the first passage, and the cells were cultured and passaged as described (8) . 'Transformation assays Hamster Embryo Cells. 500 primary (4-5 days after plating) or secondary (2-3 days after transfer) hamster embryo cells were plated in 60-mm (Falcon) plastic Petri dishes containing a feeder layer of 5 X 104 irradiated rat fibroblasts. 24 hr after plating, acetone solutions of the test compounds were added to the medium in the dishes (final concentration of acetone, 0.5%). The cells were then grown without medium changes for 7-8 days so that the test compounds were present throughout the assay. Then, the cells were fixed and stained with Giemsa; the total number of colonies was counted in dishes that contained distinct colonies, and these colonies were scored for transformation (2) .
Mouse Ventral Prostate Cells. For transformation, 1 X 103 G23 cells (passage 10-13) were plated in 60-mm dishes; for estimations of plating efficiency, 60-mm dishes contained 200 of these cells. Both sets of dishes were treated with Me2SO solutions of the test compounds 24 hr after plating (final concentration of Me2SO, 0.5%). After an additional 24 hr, the medium was changed in both groups of dishes so that the cells were exposed to medium containing the test compounds (10) .
RESULTS
When several concentrations of BA, DBA, or the K-region derivatives of these hydrocarbons were added to hamster embryo cells, the cloning and transformation frequencies shown in Tables 1 and 2 were obtained. In these experiments, neither of the parent hydrocarbons gave rise to a significantly greater number of transformed colonies than were found in cells treated with acetone alone. In some experiments, a background of a very few transformed colonies was observed in these control dishes. In addition, as the cloning efficiencies indicate, neither hydrocarbon was toxic to these cells at the concentrations used.
By contrast, when comparable concentrations of the Kregions epoxides or cis-dihydrodiols derived from BA or DBA were added to hamster embryo cells, an increased frequency of transformation was observed. With either type of derivative, increasing the concentration of the compounds gave increases in the frequency of transformation and, as measured by cloning efficiency, this was generally accompanied by increases in toxicity to the cells. The results given in Tables  1 and 2 also show that the K-region epoxides of BA and DBA were more active in producing transformation than comparable concentrations of the corresponding dihydrodiols.
5-Hydroxy-BA (the phenol) was more cytotoxic than the other derivatives of this hydrocarbon, but did not produce a significant frequency of transformation (Table 1 ). In the DBA series (Table 2) , the phenol was also the most toxic derivative tested, but it could not be assessed for transforming activity since, at concentrations above 2.5 gg/ml, very few colonies survived. However, at a lower concentration of the Proc. Nat. Acad. Sci. USA 68 (1971) Table 3 . Treatment with 0.5% Me2SO or BA did not give rise to any transformed focus, and MCA was only weakly active in this clone of cells, even at a concentration of 10 ug/ml. On the other hand, treatment of G23 cells for 24 hr with lower concentrations of the K-region epoxides derived from both MCA and BA did result in many piled-up transformed foci (Table 3 ). The increased transformation at the higher concentrations of epoxides was accompanied by a corresponding decrease in plating efficiency. Nitrosoguanidine, which was included in these experiments as a positive control, produced transformed foci in prostate cells at somewhat lower concentrations than were effective with the two epoxides.
DISCUSSION
In experiments with the hamster embryo and the mouse prostate cell systems, the K-region epoxides of three polycyclic hydrocarbons, BA, DBA, and MCA, have been found to be more active in producing malignant transformation than the corresponding hydrocarbons. In addition, the Kregion cis-dihydrodiols derived from BA and DBA were also active in the hamster embryo cell system. Dihydrodiols of this type were not found to be effective alkylating agents (26) , nor did they bind as extensively as the epoxides to the macromolecular constituents of BHK-21 cells in culture (27) . Since epoxides derived from polycyclic hydrocarbons are converted to trans-dihydrodiols by metabolism (31, 32) , and also since mouse embryo (36) and hamster embryo cells metabolize hydrocarbons very actively and prostate cells do so to a much in preparation), it is conceivable that epoxides are only active in producing transformation after conversion into dihydrodiols. More probably, since in the hamster embryo experiments the test compounds were present in the medium for 7-8 days, the dihydrodiols may have been further metabolized and reactive intermediates may have been formed on double bonds other than that of the K-region. In contrast to the epoxides and cis-dihydrodiols, the K-region phenols derived from BA and DBA did not produce significant numbers of transformed colonies in the hamster embryo cell system, although these were the most toxic derivatives tested. These experiments, and those reported with 3-hydroxybenzo(a)pyrene (37) , support the idea that the toxicity to cells in culture treated with hydrocarbons may actually be caused by phenols produced metabolically. The present results further support the concept that transformation and toxicity to cells must be considered as separate events (3, 10) . It is also possible that toxicity is not directly related to the extent of binding to cellular constituents, since phenols are more toxic to hamster cells than epoxides, even though less of the phenols are bound (27) .
The binding of the compounds studied to the macromolecules of both types of cells herein is currently under investigation (T. Kuroki, P. L. Grover E. Huberman, H. Marquardt, P. Sims, and C. Heidelberger, unpublished data).
The G23 clone of mouse prostate cells used in the present experiments was not as readily transformed by MCA as other mouse prostate cells (10, 11) , but was transformable by nitrosoguanidine and by the K-region epoxides of BA and MCA. Since nitrosoguanidine does not require metabolic activation (38) , this result suggests that transformation of prostate cells by hydrocarbons is dependent upon metabolism, which is low in this clone. Altered ability to metabolize hydrocarbons may, therefore, cause some cell lines to be refractory to transformation by hydrocarbons while, like the G23 clone, remaining susceptible to compounds such as nitrosoguanidine and epoxides that probably act directly.
The results presented here from experiments with K-region derivatives of BA, DBA, and MCA confirm the view that metabolism is necessary in order for hydrocarbons to produce toxicity to, and transformation of, cells. In animals, the metabolism of double bonds other than that of the Kregion may be important (36) . The positive results obtained with the K-region epoxides support the idea that epoxides of this type may be the metabolically activated intermediates required for transformation and, through rearrangement to phenols, for toxicity too. However, it is difficult to explain the transformation produced by the cis-dihydrodiols, which is now being further investigated.
It has been proposed by others that highly carcinogenic, methylated polycyclic hydrocarbons are metabolically activated by carbonium-ion formation on the methyl groups (39) or by mechanisms involving radical cations at methyl groups or other positions (40, 41) . Additional studies are required in order to clarify the generality of the epoxide mechanism of metabolic activation.
